Measurements are presented of radiated wave electric fields which result from the creation of a dense, laser-produced plasma within a large, uniform background magnetoplasma. The radiated field patterns are consistent for waves propagating along the quasielectrostatic branch of the whistler wave dispersion curve calculated from the background plasma parameters. The energy source of these waves coincides with an observed energetic tail electron population escaping the laser-produced plasma. A prominent feature of the radiated electric fields is a bipolar spike in both time and space, with a cross-field size near that of the initial escaping electron burst and a duration equivalent to one oscillation at the lower hybrid frequency within the background plasma. Additionally, time-windowed snapshots of the whistler wave radiation patterns are shown to provide a remote diagnostic of the cross-field speed of the laser-produced plasma.
I. INTRODUCTION
The pervasive extent of ionized matter in the universe guarantees the interaction of relatively dense, energetic plasmas with their distinct surrounding plasma environments. Examples include coronal mass ejections, 1 galactic jets, 2 cometary surface ionization, 3 and supernovas. 4 Man-made versions include fuel-pellet injection in tokamaks, 5 chemical releases in the ionosphere, 6 and high-altitude nuclear detonations. 7 The interaction of two disparate plasmas is thus of general interest to many subfields of plasma physics. As a method for the creation of localized, dense, and energetic plasmas, solid-target irradiation by high-power lasers is becoming commonplace. Detailed studies of the creation of laser-produced plasmas ͑LPPs͒ have been made for plasma expansion into vacuum and neutral gases, both with and without a background magnetic field present. [8] [9] [10] [11] [12] Although the studies of the LPP in isolation or with neutral gases are quite mature, the presence of a second, uniform plasma which surrounds the LPP opens up the study of how the impulsive LPP event couples its mass and energy to the surrounding plasma environment. One example of such coupling is the Coulomb shielding effect of the background charge carriers which permits the spatial separation of LPP ions and electrons. The escaping field-aligned burst of energetic LPP electrons and subsequent return current system have been shown, for example, to excite Alfvén waves in the background plasma. 13, 14 Such a coupling was possible since the majority of escaping field-aligned electrons had a beam velocity close to the phase velocity of the Alfvén waves.
Escaping electrons with greater energies may, of course, give rise to other types of plasma waves with higher phase velocities, and this hypothesis is the motivation for the present investigation. Electron beams have long been associated with the production of quasielectrostatic whistler waves ͑also known as lower hybrid waves͒ in both laboratory 15, 16 and space plasmas. [17] [18] [19] [20] In fact, these waves were among the first radiofrequency waves detected by satellites ͑see Ref. 21 , and references therein͒. Their characteristic "V" or hyperbolic shape in spacecraft electric field spectrograms earned them the moniker, very low frequency ͑VLF͒ saucers. The shape is a consequence of the wave propagation along ray paths from localized, broadband sources in the lower ionosphere. These VLF saucers continue to be studied today 22 since the origin of the electron bursts themselves is not well understood. However, given the existence of the electron bursts, analytical models 19 and simulations 23 predict the generation of whistler waves, both electromagnetic and electrostatic. The inverse process, that of electron acceleration by quasielecrostatic whistlers, has been invoked to explain the observations of x-ray emissions from comets and supernova remnants. [24] [25] [26] These waves have also been observed in the spontaneously generated magnetic fields during nonuniform laser irradiation of solid targets; 27 as such they remain confined to the local magnetic fields. The present and unique study is an investigation of quasielectrostatic whistler waves generated by fast electrons escaping a laser-produced plasma; these waves are then free to propagate into a large, uniform background magnetoplasma.
The remainder of this manuscript is organized into the following sections: a review of the salient properties of LPPs and of quasielectrostatic whistler waves in the background plasma are, respectively, presented in Secs. II A and II B; the details of the experimental setup and diagnostics are pro-vided in Sec. III; the experimental results and commentary are given in Sec. IV; finally, concluding remarks are in Sec. V. Throughout this manuscript, Gaussian units are used for all equations, although specific numbers may be quoted in other units for convenience.
II. REVIEW

A. Properties of the laser-produced plasma
When a laser-produced plasma expands across a background magnetic field in vacuum it goes through several phases. A cartoon version is shown in Fig. 1 . The initial laser impact results in the immediate ionization of surface atoms and a burst of fast electrons which rip ions from the target surface due to a large ambipolar field. Generally, however, the more massive ions hold back the electrons and eventually overshoot them due to their relatively unmagnetized state. This creates a radially inward directed ambipolar field which in turn causes an electron E ϫ B drift and, in conjunction with ٌP ϫ B currents, the observed laser-plasma diamagnetism. 13 The LPP expands as a diamagnetic cavity 11, 12, 28 until, roughly, the kinetic energy of the LPP, E LPP , equals the expelled background magnetic field energy, E LPP = 4 3 r b 3 B 0 2 / 8, where r b is commonly referred to as the "bubble" radius which upon rearrangement is
When a background plasma is present, the situation becomes more complicated because the background electrons can shuttle along field lines and partially short out the initial large ambipolar field, allowing laser-plasma electrons to escape. Prompt electrons have been measured in unmagnetized laser-target experiments in vacuum 29, 30 and partial vacuum. 31 In this experiment, Faraday cup measurements in vacuum have shown approximately 2.5ϫ 10 15 ions are ablated with an average perpendicular expansion speed of v Ќ = 1.4ϫ 10 7 cm/ s which corresponds to a kinetic energy about half E LPP . These numbers are consistent with experimentally derived scaling laws and previous experiments citing laser-to-plasma kinetic energy conversion efficiencies as large as 90% at these laser fluences. 8, 32, 33 Both the diamagnetic bubble scaling and ambipolar field have been observed in previous experiments where the expansion occurred into vacuum 11 and a background gas. 9, 12, 28 For example, in the present experiment, with a laser energy of 1.5 J, we take E LPP = 0.75 J, and with a magnetic field of 1.0 kG, the bubble radius is 3.6 cm.
Cross-field motion of the LPP can be maintained 10 in a magnetic field at the velocity of the initial plasma expansion because of LPP polarization and subsequent E ϫ B drift; cross-field motion by compact, but nonlaser-produced plasmas, or "plasmoids" has also been well established. [34] [35] [36] On a much grander scale, Litwin and Rosner 37 have theorized that in the process of planetoid impacts onto magnetized neutron stars, the planetoid becomes ionized and also undergoes an E ϫ B drift. Although the mechanism for generating the electric field is different, one result is similar: outside of the plasmoid, there is a stray electrostatic field with a component directed parallel to the ambient magnetic field which can accelerate particles along those field lines. In the astrophysical case, the authors conclude that this process may explain the origin of some the highest energy ͑Ͼ10 20 eV͒ cosmic rays.
B. Quasielectrostatic whistler waves
In order to interpret the data, a brief review of the properties of quasielectrostatic whistler waves is helpful. For more detailed information, the reader may wish to refer to some of the pioneering experimental [38] [39] [40] [41] [42] and theoretical [43] [44] [45] works on this subject. For this discussion, we will use notation appropriate for propagation in the xz-plane, though it should be kept in mind that these concepts apply equally well to cases involving cylindrical symmetry. 
ͪ.
͑2͒
The minus sign in v gx indicates that the wave is backward propagating ͑with respect to the phase velocity͒ in the perpendicular direction. For a point source of lower hybrid waves located at the origin ͑see Fig. 2͒ , a measurement made at the location ͑x , z͒ will detect those waves whose group velocity vector makes an angle defined by tan ␣ = x / z with respect to B 0 . For propagation in a uniform plasma after a time ⌬t, a ray will travel from the source a distance x = v gx ⌬t across the field and z = v gz ⌬t along the field. Using the above expressions for the group velocities, the time ⌬t cancels out, and the group velocity angle is then given by tan ␣ =−k z / k x . Equating the two expressions for tan ␣, and inserting into the dispersion relation, the expected frequency as a function of the observation point is 2 ͑x,z͒ = LH 2 + pe 2 ce
͑3͒
Note that if the source is monochromatic, then there is only one angle along which the waves will be observed; these are the well-known lower hybrid resonance cones, so called since the propagation is actually along cones in three dimensions. If, however, the source is broadband, then there are a continuum of nested cones, each with its own frequency. For fixed z, a probe measuring the wave electric field as a function of x will detect different frequencies according to Eq. ͑3͒, with the minimum frequency of LH at x = 0 and increasing frequency with increasing ͉x͉. Strictly speaking, the group velocities calculated using cold plasma theory go to zero at the lower hybrid frequency, though kinetic effects may smooth out a true resonance and instead set a minimum group velocity rather than zero.
In terms more transparent to the present experimental observables and variables, the dispersion relation ͓Eq. ͑3͔͒ can be rewritten as f͑x,z͒ = f ce
where the positive root has been taken, m e / m i is the electronto-ion mass ratio, and the frequencies are now expressed in Hz. Except near x = 0, the frequency may be approximated as f Ϸ f ce ͉ x / z͉.
III. EXPERIMENTAL SETUP
A. Large plasma device
These experiments are performed at the Basic Plasma Science Facility, in the upgraded Large Plasma Device ͑LaPD͒, 47 located at the University of California, Los Angeles. The device ͑shown schematically in Fig. 3͒ is a stainless steel cylindrical vacuum chamber ͑total length= 20.7 m and main diameter= 1 m͒. The main section of the chamber is surrounded by solenoidal electromagnets which produce a confining axial magnetic field, variable to 3 kG. The device is backfilled with noble gases ͑here both neon and argon as noted͒ at pressures of approximately 10 −5 Torr. The plasma is produced by means of a pulsed ͑t Ϸ 10 ms͒ electron discharge between a heated, barium-oxide-coated nickel cathode and a molybdenum mesh anode. The cathode-anode separation is 52 cm, leaving the remainder of the device with zero net current and quiescent compared to the source region. The highly reproducible discharge is repeated once per second which allows for the collection of ensemble datasets. Table I summarizes key parameters for the four experimental setups where the magnetic field, background plasma species, and target material are varied.
B. Laser-target system
The laser is a commercially available ͑Spectra Physics, Quanta Ray Pro͒ Q-switched Nd:YAG infrared ͑1064 nm͒ laser with 1.5 J/pulse and 8 ns duration ͑Gaussian, full width at half maximum͒. The laser target is a solid, high-purity rod ͑30 cm long by 1.9 cm diameter͒ composed of either aluminum or graphite, as noted. The rods are inserted through vacuum interlocks on top of the device ͑see Fig. 3͒ . Only one type of rod at a time is placed in the chamber. When different targets are used, the origin of the experimental coordinate system always corresponds to the laser impact site for that target. The pulsed beam is steered with mirrors and focused using a plano-convex lens. The beam then enters the device through a side window. All optical surfaces are coated with antireflective coatings. When the beam reaches the target, the 
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Quasielectrostatic whistler wave radiation… Phys. Plasmas 15, 072114 ͑2008͒ spot size has a diameter of 0.5 mm. The rods are held on one end with an electrically insulated adapter which joins them to a 50 cm long, 0.95 cm diameter Inconel rod. Outside of the vacuum chamber, the Inconel rod is mated to a two-axis stepper motor system which allows the target rod to be rotated about its axis and translated in the y-direction. Except as noted, the laser hits a fresh face of the target every five plasma discharges; after five laser firings, a hole begins to form on the target surface and the amplitude of measured magnetic and electric field oscillations in the plasma begins to be noticeably reduced.
C. Probes and data acquisition
The primary diagnostics for this experiment are a Langmuir probe and an electric dipole probe. The probes are connected to separate, two-axis stepper motor systems which allow motion of the probe in the xy-plane under the control of a custom, computerized data acquisition system.
A single-sided, planar Langmuir probe is used to measure ion saturation current. The collection area is 1.5ϫ 10 −2 cm 2 and is directed with the normal vector of the face along the direction of the magnetic field. The probe is biased −70 V relative to the grounded vacuum chamber and the cathode-anode voltage drops to typically −40 V during the main plasma discharge; the probe thus excludes all primary electrons and serves as a diagnostic of both ion saturation current and very energetic electrons produced by the laser. The probe is also separately used in a swept-voltage mode to determine the background electron temperature of 6 eV. The probe density measurements are calibrated using a 56 GHz microwave interferometer.
Fluctuating electric fields are measured using a dipole probe with tip separation of 3 mm radially along the probe shaft. Such probes have previously been used to measure lower hybrid wave patterns in LaPD launched from an antenna at fixed frequencies. 48 Along the line y = 0, the probe measures the x-component of the electric field. The dipole is displaced by 0.5 cm in the +ŷ direction to avoid overlap with the probe support structure. This support structure is a ceramic tube with length 25 cm and diameter 0.64 cm. The ceramic tube ͑which is also used on the Langmuir probe͒ is mated to a 0.95 cm diameter, nonmagnetic, stainless steel shaft. Probes are introduced into the plasma chamber using a system of vacuum interlock valves and cyrogenic pumps. The dipole probe time-series data are amplified using a Stanford Research Systems model SR445 amplifier, then subtracted using a Minicircuits ZSCJ-2-1 inverting combiner, and sampled at a rate of 1 GHz with a Tektronix TVS645A digitizer. The bandwidth of the system is roughly from 1 to 200 MHz. Since the probe tip separation is much larger than the Debye length ͑ϳ20 m͒ plasma shielding prevents a true calibration of the electric field measurements and the reported magnitudes should be treated as a lower limit. TABLE I. Experimental parameters for the several configurations used in these experiments. Plasma parameters are those of the background plasma. The initial laser energy for each is equal to 1.5 J and the conversion efficiency to plasma kinetic energy is 50%. The size of the diamagnetic cavity is given in terms of the bubble radius r b as described in the text. 
Setup
IV. EXPERIMENTAL RESULTS
A. Energetic electrons
One of the key features of the interaction of an energetic LPP with another background plasma is the ability of the LPP ions and electrons to become physically separated from each other due to the shielding effect of the background plasma. In the present case, magnetized LPP electrons can escape along the background magnetic field as they are replaced by thermal, ambient plasma electrons. Figure 4 shows time series of the ion saturation current measured at two axial distances from the aluminum target with B 0 = 1500 G ͑setup #3 of Table I͒ . The solid curve is recorded at z 1 = −352 cm downstream from the target and the dashed curve at z 2 = −576 cm. In the plane transverse to the background magnetic field, the probe was located at ͑x , y͒ = ͑−1.0, 0.0͒ cm which lies within the field-line projection of the diamagnetic cavity. For any setup, the origin in space is the laser focal point, and t = 0 marks the arrival time of the peak of the 8 ns Gaussian laser pulse at the target surface, corrected for all cable delays. High-frequency oscillations ͑to be discussed later͒ are evident at early times ͑t Ͻ 1 s͒ and much lower frequency density fluctuations are observed at later times ͑t Ͼ 2 s͒. The latter have been presented previously 49 and are attributed to evanescent compressional Alfvén waves. At intermediate times, the large negative signals indicate the presence of electrons with energies sufficient to overcome the 70 V probe bias, which corresponds to an electron streaming velocity u e of 3.5ϫ 10 8 cm/ s. The bias is with respect to the anode of the discharge circuit which is at plasma potential. The background electron temperature T e is 6 Ϯ 1 eV with a thermal velocity v th,e = ͱ T e / m e of 1 ϫ 10 8 cm/ s. The time-of-flight velocity ͑using the centroid of the negative pulse͒ from the target to z 1 is 3.2 ϫ 10 8 cm/ s and for z 2 is 3.4ϫ 10 8 cm/ s. The centroids for each curve are marked by vertical lines having the same line style. The propagation speed between the two locations is consistent at 3.7ϫ 10 8 cm/ s. It is also consistent with u e .
Using the same type of laser as in the present experiments, Issac et al. 31 have measured initial bursts of electrons with energies of 60Ϯ 5 eV. In previous experiments, 14, 50 it is established that bursts of electrons which last for times on the order of the diamagnetic cavity lifetime ͑ϳ1 s͒ and have mean speeds above the background Alfvén speed v A = B 0 / ͱ 4n i m i = 5.2ϫ 10 7 cm/ s are responsible for the production of Alfvén waves via Cherenkov radiation. The prompt detection of much higher frequency waves suggests a similar process may occur for an energetic tail electron population which couples to a plasma wave with a much higher phase velocity. Figure 5 shows the raw, nonaveraged time series for five plasma discharges from the ion saturation-biased probe for early times. The measurements are made at a location close to the target ͑z = −34 cm͒ and field-aligned with the laser impact site ͑x , y͒ = ͑0.0, 0.0͒ cm, again for setup #3. Any jitter in the experimental triggering is less than 10 ns. Although there is shot-to-shot variation, there are three common features:
1. A negative peak at 300Ϯ 50 ns which we attribute to energetic electrons. The electron velocity from time of flight for the peak at 300 ns is 1.1ϫ 10 8 Ϯ 1.8 ϫ 10 7 cm/ s. This peak has roughly one-third the velocity of the peaks shown in Fig. 4 , but here, the probe is field-aligned with the laser impact site, whereas for Fig.  4 , the probe is displaced 1 cm back along the laser path. A discussion of the spatial distribution of the energetic electrons is presented later in conjunction with its impact on the lower hybrid radiation patterns. 2. A broad distribution of faster electrons with the earliest deviation from ion collection at 25Ϯ 15 ns, which requires electrons with velocities of 1.3ϫ 10 9 Ϯ 2.3 ϫ 10 8 cm/ s, albeit with very low current densities. 3. High-frequency oscillations riding on top of this fast-tail electron distribution. The period of the earliest such cycle ͑which occurs within the first 100 ns͒ is 50Ϯ 10 ns, which yields a frequency of 20Ϯ 4 MHz. This matches the lower hybrid frequency in the background plasma which is 20.8Ϯ 0.4 MHz.
Similar results are obtained using the carbon target in setup #4: field-aligned with the laser impact site, the bulk of electrons are emitted with a beam velocity of 1.3ϫ 10 8 cm/ s with tail electrons observed in excess of 1 ϫ 10 9 cm/ s. For both targets, the signature of the fastest electrons was difficult to measure beyond an axial distance of 32 cm due to large electrostatic fluctuations.
B. Spatial amplitude distributions of the wave electric field
We next present the amplitude of electric field fluctuations, measured using the dipole probe, as a function of x at a fixed axial displacement ͑z = −256 cm͒ from the laser impact site of the aluminum target. The arrangement is illustrated in Fig. 3 and corresponds to setup #3 in Table I . The amplitude spectra of the fast-Fourier-transformed signals E x ͑f͒ are presented in Fig. 6 for three spatial locations: x 
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= ͓7.45, 15.3, 23.1͔ cm. Each spectrum is formed from an ensemble of 25 plasma discharges. A 128-point, Hanningwindowed section of the full time series is used. After signal propagation delays through the measurement cables are removed, the window starts 150 ns after the target is struck by the laser. The effects of sliding the window in time are discussed later. The full time series contains 8192 points and is digitized at 1.0 GHz. The amplitudes have been normalized to the largest value of all three spectra, excluding the dc level, before taking the common logarithm. For each spatial location, a vertical line of the same corresponding line style is drawn at the frequency expected to be received from a point source of lower hybrid waves ͓Eq. ͑4͔͒. For all three x locations, the local peak in the spectrum occurs at a higher frequency than predicted for a broadband point source at the origin. This observation is made clearer by examining the spectra obtained during a high-resolution spatial scan in x, as presented next.
In Fig. 7 we present data showing the received frequency spectra measured at z = −256 cm for 128 x locations and for three values of the magnetic field ͑750 G, 1000 G, and 1500 G͒. These correspond to setup numbers 1-3 of Table I . The data are processed in the same manner as for Fig. 6 . In the plot for each magnetic field, there is a hyperbolic black line drawn to indicate the expected frequency from the dispersion relation, Eq. ͑4͒. The distributions of measured frequencies agree very well with the predictions as a function of both position and magnetic field. Based on this agreement, the electric field oscillations are identified as quasielectrostatic whistler waves. The spread of frequencies away from the point source predictions will be discussed next.
When plotted in this manner, the spectra resemble the frequency versus time spectrograms of VLF saucers 21 commonly observed in the Earth's ionosphere. Such measurements are well correlated with upward-going field-aligned bursts of energetic electrons from below the spacecraft. As with spacecraft data, the propagation characteristics of lower hybrid waves can be used as a remote measurement of the size of the wave source region. First, consider a source with a finite extent in z of length 2z s , as shown in Fig. 8 . There are a range of group velocity vectors which point from the extended source to the measurement location, and so there will be a range of frequencies observed at the measurement location according to the dispersion relation ͑here rewritten in terms of the propagation angle ␣͒, 
where have used tan 2 ␣ = tan 2 ͑ − ␣͒ for propagation to positive x and negative z. Compared with the point source, higher ͑lower͒ frequencies will be detected if the source extends closer to ͑farther from͒ the observation point. Note that for the line source extended in z the received spectrum should be symmetric about x =0. Figure 9͑a͒ shows the spectra for the 1000 G case ͑setup #2͒ from Fig. 7 , together with the bounds in frequency predicted for the finite z line source. A source size of z s = 30 cm was used, which qualitatively best contained the observed spectra. In the background plasma, this source size corresponds to 80 ion gyroradii, 65 electron inertial lengths, and 2.3ϫ 10 4 Debye lengths. In the figure, the red line shows the limit of expected frequencies from the end of the source at z =−z s ͑closer to the observation locations͒ and the white line is the limit for the opposite end of the source at z = +z s . The black line as in the previous figure is for the point source at the laser impact site. From this, it is evident that the source region is well confined to negative values of z and to within 30 cm of the laser impact site. Similar line scans with the probe in the region of positive z show the reverse trend: there the source appears confined to regions of positive z. This bidirectional nature of the source is consistent with the lower hybrid wave source being the outflow of energetic electrons which we have also measured on both axial sides of the laser target. Figure 9͑b͒ shows the effect of a source extended in the y direction, and also of measurements made out of the plane of y = 0. Here, the white curve indicates the spectrum from a point source at y = +r b and the red curve for y = +2r b . The hyperbolic shape of the curve is more evident at greater separation and is the form most easily recognized in spacecraft electric field spectrograms, where the satellite or rocket usually passes near but not through magnetic field lines which map back to the source region. The red curve does seem to fit the spectra better below 100 MHz, but it fails to track the spectra at large ͉x͉ since it and the white curve asymptotically approach the black curve for large ͉x͉. Additionally, the enhanced amplitude of the low-frequency portion of the spectrum extends to all negative values of x and may be caused by a charging of the probe shaft by the electron burst since the probe enters from the positive x axis. However, broadband electrostatic noise is a feature commonly observed when satellites pass through field lines which do map back to FIG. 7 . ͑Color͒ Frequency spectra as a function of x for three magnetic fields at fixed axial location z = −256 cm. The black parabolic curves show the expected frequency observable from a point source of lower hybrid waves at the origin ͓Eq. ͑4͔͒. Note that these curves generally define a minimum observed frequency indicating that the growth region for the waves is closer to the observation point than the laser impact site. This is discussed further in the text.
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VLF saucer source regions. 22 In space, this noise can extend to much higher frequencies ͑scaled to the lower hybrid frequency͒ than can be observed with the present laboratory setup. Figure 9͑c͒ shows the effect of a point source displaced in the x direction. The white curve is for a source at x = + r b and the red curve for x =−r b . Again, the black curve is for the point source at the origin. For x Ͻ 0, the observed spectra are well bracketed by the black and white curves; however, for x Ͼ 0, it is the black and red curves which best contain the pattern. To be consistent, the curves must be used on both sides of x = 0. The conclusion, therefore, is that the extent of the source in the x direction is less than the bubble radius. In the case of VLF saucers in the ionosphere, Temerin 51 concisely demonstrates that some features of the observed spectrograms are best described not by a point source, but by sources which are "extensive in longitude but narrowly confined in the other two dimensions."
In summary of the laboratory observations, the impact of the laser initially results in a bidirectional line source ͑along the magnetic field͒ of lower hybrid waves. The initial size of the source region is approximately one bubble radius crossfield and 30 cm along the magnetic field on both sides of the target. These characteristics are consistent with the source of the waves being the observed energetic electrons.
Next, the lower hybrid waves may also be used as a remote diagnostic of the LPP velocity. This technique uses a sliding, Hanning-window function on the time series E x ͑t͒ before taking the Fourier transform to produce a timeresolved picture of the radiated lower hybrid waves. The results from this analysis are presented in Fig. 10 for experimental setup #3 of Table I . The time indicated in each frame indicates the start of the 128-point ͑128 ns͒ windowed transform. The amplitudes of the Fourier transforms are shown on a log scale and in each frame, the magnitudes are first scaled to the maximum amplitude for that frame before taking the logarithm. At t = 100 ns, the pattern is roughly symmetric about the laser impact site ͑x =0͒ but as time advances, the pattern becomes smeared out, develops asymmetries, and shifts in the direction of LPP expansion. The black hyperbolic curves show the expected distribution of received frequencies as a function of x for a point source ͑also the minimum frequency for a z-extended line source͒ of lower hybrid waves located at the origin, but moving to the left with a velocity of 1.6ϫ 10 7 cm/ s. This value was selected as a qualitative single value which best tracked the moving radiation pattern for all times, and is consistent with the velocity of the expanding LPP. The forward-directed velocity of LPP ions in vacuum and without a magnetic field was previously measured using a Faraday cup and found to be 1.4ϫ 10 7 cm/ s. This directed expansion velocity can be maintained in the presence of a magnetic field; the LPP polarizes due to the difference in the gyroradius of the ions and electrons and the LPP then undergoes E ϫ B motion across the magnetic field. [9] [10] [11] 52, 53 As it does so, it continually emits energetic electrons which are replaced by colder, background plasma electrons.
14 Additionally, the higher-frequency portions of the spectrum are diminished at later times. This may indicate that fewer fast electrons are present to couple to the higher frequency waves which have higher phase velocities.
The broadening of the frequency spectrum may be understood in terms of the evolution of the spatial distribution of fast electrons. Figure 11 shows three snapshots in time of the xy-distribution of fast electrons near the target ͑z = −32 cm͒. This measurement was made during an ion saturation current diagnostic of the background plasma for setup #3. Again, we attribute the negative current values to the impact of energetic electrons on the probe surface.
The fastest velocity associated with the expansion is that of the leading edge which moves from x = 0 cm at t = 0 ns to x = −8.5Ϯ 1 cm at t = 720 ns, or at −1.2ϫ 10 7 Ϯ 1.4 ϫ 10 6 cm/ s. This velocity is somewhat slower than the measurements in vacuum or from the lower hybrid radiation pattern. It may be that the density of the most energetic electrons at the leading edge is insufficient to offset the level of ion collection, but this has not been studied in detail. Additionally, the expansion velocity of the leading edge is roughly constant: −1.3ϫ 10 7 Ϯ 4.6ϫ 10 6 cm/ s at t = 120 ns, and −1.4ϫ 10 7 Ϯ 1.2ϫ 10 6 cm/ s at t = 420 ns.
C. Phase-coherent and solitary electric fields
We next present data on the space-time radiation pattern at a fixed axial displacement of z = −256 cm without the use of Fourier transforms. These data correspond to the experimental setup #4 of Table I. Figure 12 shows the x-component of the electric field as a function of time and distance perpendicular to the background magnetic field along the line y = 0. The expansion of the laser-produced plasma is from the origin towards negative x. The data are averaged over 20 plasma discharges and so elucidate phenomena that maintain a high degree of phase coherency from shot-to-shot. Figures  12͑a͒ and 12͑b͒ are identical except that different scales have been used for the color bar to emphasize different features. In Fig. 12͑a͒ , the color bar levels are saturated at approximately one-tenth of the maximum data values; this reveals information on the phase of the electric field fluctuations. Coherent oscillations of relatively high frequency are observed first, followed by several oscillations with spatial scales as large as the measurement region and temporal period on the order of the diamagnetic cavity lifetime ͑1 s͒. Previous experiments by this group 13 have conjectured that these slower oscillations may be due to compressional Alfvén waves. The pattern of all oscillations shows some symmetry about x = 0 which corresponds to the magnetic field line connecting back to the laser impact site. However, the pattern is clearly more washed out for x Ͻ 0 where the LPP forms and moves, indicating a lack of phase coherency during the ensemble averaging. For x Ͼ 0, the lower hybrid waves are still evident after 5 s near x = 5 cm. For reference, the ion gyroradius is 1.4 cm and the electron inertial length is 0.53 cm; the ion temperature of 0.8 eV was measured using laser-induced fluorescence in argon under similar discharge conditions. 54 In Fig. 12͑b͒ the limits of the color bar are set by the maximum amplitude observed ͑2.3 V / m͒. Here the asymme- FIG. 9 . ͑Color͒ Wave source region reconstruction using the measured spectra vs. x at 1 kG from Fig. 7 . Black curves indicate the expected distribution from a point source at the origin, using Eq. ͑4͒. ͑a͒ Displacement of source in z; the red curve is for a point source 30 cm axially closer to the measurement line, and the white curve is for a point source 30 cm farther away. ͑b͒ Displacement of source in y; the red ͑white͒ curve is for the point source moved +2r b ͑+r b ͒ along the y axis. ͑c͒ Displacement of source in x; the red ͑white͒ curve is for the point source moved −r b ͑+r b ͒ along the x axis.
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Quasielectrostatic whistler wave radiation… Phys. Plasmas 15, 072114 ͑2008͒ try due to the LPP motion is much clearer. Two main features can be gleaned: first, a bipolar electric field structure is observed at a time of 0.4 s; the propagation velocity of this largest high frequency pulse is 6.4ϫ 10 8 cm/ s. Second, a broad pattern with transverse size approximately equal to the bubble radius ͑r b = 6.6 cm͒ is visible from roughly t = 1.5 s to t = 2.5 s with a spread in time of Ϯ0.3 s where it travels a distance of ⌬x =10Ϯ 2 cm. This cross-field expansion speed ͑1.0ϫ 10 7 Ϯ 4.5ϫ 10 6 cm/ s͒ of this second feature corresponds roughly to the E ϫ B speed of the LPP of 1.4ϫ 10 7 cm/ s. Figure 12͑c͒ shows the early time behavior: from 0 to 500 ns. The laser strikes the target at t = 0 and care was taken to remove the time delays for the various cables by using a fast photodiode ͑1 ns rise time͒ at the same axial location as the target and with the same cable lengths as those used to record the electric field data. From the arrival time, the largest group velocity observed in the experiment is 2.3ϫ 10 9 Ϯ 4.7ϫ 10 8 cm/ s which is in rough agreement with the fastest ͑ϳ1 ϫ 10 9 cm/ s͒ electrons emitted from the carbon target.
Although a small tail population of electrons may only be required to give rise to the fast-arriving oscillations at relatively low amplitude, the velocity of these electrons is still quite high from what may be expected to be created in the laser-produced plasma. In the initial, perpendicular expansion of the LPP, the ions and electrons primarily are ex- FIG. 10 . ͑Color͒ Sliding, Hanning-windowed amplitude spectra ͑log scale͒ of the x-component of the electric field at 1500 G. The width of the window, centered on the times shown, is 128 ns and the digitization period is 1 ns. Electric fields are normalized to the maximum value within each subplot which are on the order of 10 V / m. The black curves indicate the expected frequencies received by a broadband point source of lower hybrid waves moving perpendicular to the background magnetic field at a velocity of 1.6ϫ 10 7 cm/ s.
FIG. 11.
͑Color͒ Probe-measured ion saturation current snapshots in a plane perpendicular to the background magnetic field at z = −32 cm for setup #3 of Table I . Red indicates the true ion saturation current in the background plasma. The large negative patches indicate energetic electrons escaping the laser-produced plasma. The data grid size is 51 points in x and 41 points in y and an ensemble average of 5 plasma discharges was used. The lower hybrid radiation patterns in Fig. 10 roughly track the leading edge of the negative current, which moves to the left at approximately 1.2ϫ 10 7 cm/ s. pelled at the same velocity, so that the massive ions will inherit the vast majority ͑approximately 1 keV per ion͒ of the incident laser energy. However, at its initial, near-solid densities the early LPP is highly collisional. If, through these collisions, a small fraction of electrons were to achieve an equipartition of energy with the ions, then a 1 keV electron would have a velocity of 1.3ϫ 10 9 cm/ s, which is consistent with our measurements. Figure 13͑a͒ provides a detailed look at the early, largeamplitude structure seen in Fig. 12͑b͒ with the same color bar. Figure 13͑b͒ is a temporal slice through the data along the horizontal line shown in Fig. 13͑a͒ , at x = −2.7 cm. The inset to Fig. 13͑b͒ is the linear amplitude spectrum of the pulse, showing a well-defined peak at the lower hybrid frequency in the background plasma. Figure 13͑c͒ is a cut of the data along the vertical line in Fig. 13͑a͒ , at t = 4.1 s; this intersects the largest negative value in Fig. 13͑b͒ , and shows an isolated bipolar electric field signature with an apparent perpendicular wavelength of 2 cm. This is comparable to the ion gyroradius of the background plasma of 1.4 cm. 
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Although an analytic expression for the radiated fields from the moving LPP source is beyond the scope of this paper, a simple model can be used to reproduce general features of the observed lower hybrid wave phase variations as a function of space and time for the initial oscillations.
Consider a disturbance of electric potential ⌽ which propagates from a broadband source located at the origin as a plane wave. In the xz-plane, the potential may be written as ⌽͑x,z,t͒ = ⌽ 0 exp͑ik z z + ik x x − it͒, where ⌽ 0 is an arbitrary constant. Since x / z =−k z / k x , the potential is simply
where the phase varies only with time and the propagation angle, ␣. The real part of this complex potential is plotted for the experimental parameters of setup #4 in Fig. 14͑a͒ . The pattern is computed at the fixed axial measurement location of z = −256 cm. The fishbone pattern in the potential is reminiscent of the pattern seen in the electric field data. The temporal signals which begin in phase for all values of x become increasingly phase mixed as time advances. Before computing the model electric field, the group-delayed signal must be computed. Although the wave frequency can be computed without explicit knowledge of k ʈ or k Ќ , this is not the case for the group velocities ͓refer to Eqs. ͑1͒ and ͑2͔͒. A further assumption of the model is that the physical size of the current channel of fast electrons sets a single perpendicular wavelength Ќ while the parallel wavelengths are determined, for any given frequency, by the dispersion relation. In reality, a spectrum of Ќ are present, but this model assumes the pattern can be approximated using a single value which is determined by examining the group delay curves plotted using a range of Ќ as shown in Fig. 15 . Since the group delay diverges as x approaches zero, the delay curves are only plotted to a delay time of 500 ns. For ͉x͉ Ͼ 5 cm, there is approximately a single group delay for any given perpendicular wavelength. Since Fig. 12͑c͒ also shows a reasonably abrupt arrival time ͑Ϸ100 ns͒, the value of Ќ = 2.5 cm is selected for the model. The resulting pattern, displaced in time by the corresponding delay curve is shown in Fig.  14͑b͒ , and it is with this pattern that the x-component of the electric field is computed from E x =−‫ץ‬⌽ / ‫ץ‬x. The result is presented in Fig. 14͑c͒ . The model electric field has been convolved in the x-direction with a Gaussian of full-width ͑2͒ size of 3 mm to simulate sampling the pattern with the dipole electric field probe with 3 mm tip separation. For comparison, in Fig. 14͑d͒ , the same electric field data E x from Fig. 12͑c͒ is shown, but with each time series digitally filtered to remove frequencies at or below the lower hybrid frequency; this effectively removes the large-amplitude, solitary electric field structure and emphasizes the highfrequency phase variations.
Along with the early solitary structure, what the model does not reproduce is the presence of the wave field near x = 0; this may be due to thermal effects 44, 45, 55 which can cause interference fringes to develop both inside or outside the resonance cones. Additionally, no wave growth or damping is included in the model. Despite the simplicity of the model, FIG. 14. ͑Color͒ ͑a͒ Model of an oscillating electric potential disturbance, ⌽, propagating as plane waves, where the frequency varies according to the lower hybrid dispersion relation, Eq. ͑4͒ at z = −256 cm. ͑b͒ The same electric potential, but delayed in time by the wave group delay as described in the text. ͑c͒ The electrostatic field component E x =−‫ץ‬⌽ / ‫ץ‬x, calculated numerically from the pattern in ͑b͒ and then convolved with a Gaussian of full-width ͑2͒ size of 3 mm to simulate sampling the pattern with the dipole electric field probe with 3 mm tip separation. ͑d͒ The same electric field data E x from Fig. 12͑c͒ , but with each time series digitally filtered to remove frequencies at or below the lower hybrid frequency. All values are normalized to the maximum amplitude for each subplot with red being positive, blue negative, and green is zero.
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it does reproduce the following: a general arrival front at approximately 100 ns; the faded nature of the front for ͉x͉ Ͼ 10 cm due to relatively little x variation in the phase of the potential; the general morphology of the wave phase; and, the fading of the pattern at late times due to rapid perpendicular phase variations which are averaged away due to the size of the probe.
V. CONCLUSIONS
We have observed lower hybrid waves generated by a laser-produced plasma within a background magnetized plasma. The source of free energy for the waves is consistent with suprathermal electrons emitted from the LPP.
As with localized sources of lower hybrid waves in the Earth's ionosphere, the wave group velocities can be used as a remote diagnostic of the size of the source region. In the laboratory, the reverse-mapping of frequency-versus-position data shows the initial growth region of the waves to be a bidirectional line source with dimensions of a few centimeters cross-field and about 30 cm along the field. The size of the source region is consistent with two-dimensional ion saturation profiles and axial time-of-flight measurements of the emitted energetic electrons near the laser target. The axial extent of the growth region also corresponds to the distance in which the tail electrons of the beam can be distinguished apart from the electrostatic fluctuations. The agreement between direct measurements of the physical size of an energetic electron burst and the reverse mapping of the distant lower hybrid radiation patterns validates the reversemapping technique for VLF saucer source regions in the ionosphere. Until now, the technique was deemed obvious, yet lacked direct experimental confirmation.
As the LPP E ϫ B drifts perpendicular to the ambient magnetic field, it continues to shed suprathermal electrons which continue to radiate waves, but with decreasing intensity. Owing to the high group velocities of these waves compared with the perpendicular expansion of the LPP, we have also established the usefulness of the time-windowed lower hybrid radiation pattern as a remote diagnostic of the leading edge of the LPP expansion velocity.
Analysis of the ensemble-averaged, perpendicular wave electric field data reveals two important phase-coherent phenomena. The first is a low-amplitude electric field radiation pattern with measured parallel group velocities in excess of 2 ϫ 10 9 cm/ s. A simple model of a plane wave source of lower hybrid waves originating at the laser impact site reproduces the gross features of the measured space-time radiation pattern taken along a line perpendicular to the background magnetic field. The abrupt arrival time ͑100 ns͒ of the wave fronts allow the use of a single perpendicular wavelength as an input parameter to the model. This value of 2.5 cm is smaller than the 6.6 cm diamagnetic cavity size of the LPP, and it is this cavity size which has been shown in the present and previous experiments 13, 14 to roughly determine an upper bound on the cross-field size of the escaping electron current channel. Further experiments, however, are required to establish a definite scaling between the cross-field size of the current channel and the cavity size, especially how well the two are related as a function of time.
The second, phase-coherent phenomenon is an isolated, spatially bipolar spike in E x with a duration of 2 / LH as it passes the axially fixed probe. Here LH is calculated using the background plasma parameters. As to why the frequency of the largest amplitude structure should be near that of the lower hybrid frequency, the interpretation is guided by the theoretical model used by Maggs 17 to explain the ground and satellite measurements of very low frequency ͓͑VLF͒ at 1 -500 kHz͔ radio spectra at high latitudes in the Earth's ionosphere. From the observations, these VLF emissions are closely associated with electron precipitation in the auroral zones, [56] [57] [58] [59] and in the model, incoherent whistler noise is amplified by the beam of precipitating auroral electrons. Characteristics of the observed differential power spectra of VLF emissions are accurately reproduced by this modelmost importantly that the peak power flux occurs at a frequency near the lower hybrid frequency in the ambient plasma. 56, 59, 60 As discussed by Maggs, a variety of factors contribute to the resulting power flux for any frequency including the total length along a ray path from the source to the observation point, the average growth rate of the wave, and the average inverse of the wave group velocity. Although the model assumes a steady state which precludes direct comparison with our impulsive experimental results, it does consider a finite perpendicular spatial extent of the electron beam as is necessary to understand discreet auroral arcs as the gain media for the VLF emissions. The effects of finite transverse source size are also relevant to the present experiment. The group velocities for whistler waves with frequen- 
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Quasielectrostatic whistler wave radiation… Phys. Plasmas 15, 072114 ͑2008͒ cies near the lower hybrid frequency are nearly parallel to the background magnetic field, hence these waves spend the most time within the gain medium of the electron beam. This would be the case in the present experiment as well, since the relatively large amplitude of the bipolar electric field structure occurs in the region x Ͻ 0, which is the direction in which the laser-produced plasma expands and continues to shed suprathermal electrons as they are replaced by colder electrons from the background plasma. The phase of the solitary structure as seen in Fig. 13͑a͒ joins together with the phase of the surrounding wave pattern. The main difference therefore is in amplitude, and could be a nonlinear phenomenon of the wave growth. A good indicator of a nonlinear process would be if the energy density of the wave electric field were comparable to the plasma thermal energy; however, an absolute calibration of the electric field probe cannot presently be made since the probe tip separation ͑3 mm͒ is much larger than the Debye length ͑ϳ2 ϫ 10 −3 cm͒. The amplitude of the solitary structure electric field is, however, the largest of any observed in the experiment.
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